Based on the two-temperature coupling theory, a numerical model is established by using finite element method (FEM). Taking account of the spatial and temporal shape of the laser pulse and the temperature dependence of material properties, the heating process of femtosecond laser-metal interaction is presented. The temperature field of electron and lattice in metal is obtained. The influences of laser pulse width and energy on the electron and lattice temperature field and temperature gradient field are investigated. The numerical results indicate that the vertical lattice temperature gradient is about two orders larger than the horizontal lattice temperature gradient. Under the same irradiation pulse energy, the peak electron and peak lattice temperature at the center of laser irradiation decreases with the increase of laser pulse width.
Introduction
Ulrashort-pulsed laser-metal interaction has received considerable attention due to the application of ulrashort-pulsed laser in material processing and laser nondestructive testing [1] [2] [3] . In order to obtain improved laser processing conditions, the modeling of the physical process is necessary. Moreover, the modeling reduces the experimental cost and optimized the process parameters that affect the physical process.
Due to the thermal nonequilibrium of electron-lattice system during ultrashort-pulsed laser heating metal materials [4] , the process of ultrashort-pulsed laser-metal interaction is often modeled by two-temperature equations when the laser pulse width is in the order of 100 fs or longer [5] . In recent years, many scholars simplified the two-temperature equations in different conditions in order to attain analytical solution. Neglecting the lattice thermal conduction, the generation of non-equilibrium electron and lattice temperatures in copper by picosecond laser pulses was investigated by Eesley [6] . He indicated that the measurement results agreed well with the model based on separation of the one-dimensional heat flow equation into electron and lattice sub-systems. Al-Nimr et al. [7] [8] [9] proposed a simplified approach to describe the thermal behavior of a thin film exposed to picosecond laser pulses. It is assumed that the metal film thermal behavior occurs in two successive stages. Assuming that features of metal and electron-lattice coupling factor are invariable, the results agreed well with the analytical solution of twotemperature equations. Due to the electro-lattice coupling in the two-temperature equations, it is very difficult to obtain the analytical solution, especially when the temperature dependence of material properties needs to be considered. Most of previous studies were confined in one dimension, and the two-temperature equations are rationally simplified for different laser pulse widths in order to obtain the analytical solutions of the two-temperature equations. Actually, the laser heating process is threedimensional, and the material properties are functions of the electron temperature or the lattice temperature.
The finite element method (FEM), due to its flexibility in modeling complicated geometry and its capability in obtaining full field numerical solutions, is suitable and versatile to deal with such complicated processes as the heated process in metal surface irradiated by ultra-short pulsed laser [10] . In this article, based on the two-temperature theory, the numerical model of the metal irradiated by femtosecond laser is established by using the FEM. Taking account of the spatial and temporal shape of laser pulse and temperature dependence of material properties, two-dimensional temperature field of electron and lattice are obtained. The heating process is analyzed, and the influence of pulse width and pulse energy on the electron and lattice temperature field in metal irradiated by ultra-short laser pulse is investigated.
Theoretical model and Numerical method

Theory of transient temperature field in metal by short laser heating
When a metal specimen is illuminated by a short laser pulse, shown in Fig.1 , a nonequilibrium temperature difference of electron and lattice is generated by the short laser pulses, the heating and cooling process could be modeled by a two-temperature system of coupled differential equations [6] . 
Where C represents the heat capacity, T temperature, k thermal conductivity, G electron-lattice coupling factor and S intensity of the internal heat source. The subscripts e and l represent the electron and lattice, respectively. Electron heat capacity can be approximated by [5] Electron-lattice coupling factor can be described by the following equation [5] :
where G RT is the coupling factor at room temperature.
The laser heat source is adopted in this work [5] :
where 0 I is the incident laser light intensity, R is the optical reflectivity of the specimen, is the optical penetration depth, b
is the ballistic range, ( ) f r and ( ) g t are the spatial and temporal distribution of the laser pulse, respectively. These two functions can be written as
where 0 r is the radius of the laser spot, p t is the laser pulse width. It is assumed that the specimen surfaces are thermally insulated.
Numerical method
For the metal heating process by ultra short laser irradiation, the governing finite element equations can be expressed as [10] The spatial mode of the laser beam is assumed as Gauss distribution so that a cylindrical coordinate system is adopted and the finite element model can be simplified to two-dimensional model. The finite element model is constructed by free mesh consisting of triangular elements. The finite element meshes are much finer near the laser-heated zone in order to solve computation time and obtain the transient temperature field more accurately. The minimum element size is 0.1 m and the minimum time step is 0.1 fs in this research.
Numerical results and discussions
Laser and materials parameters
On the basis of the theories described above, the electron temperature fields and the lattice temperature fields in metal material induced by ultrashort laser pulse are calculated, respectively. The pulse laser energy is 800 nJ. The radius of the laser pulse spot irradiated on the system is 20 m. The laser pulse duration is taken in the range of 100 fs~1000 fs. The metal specimen is gold, and the radius and the thickness of the specimen are 3 mm and 60 m, respectively. The initial temperature is room temperature (300K). The property of gold used in the calculation is listed in Tables 1. Fig. 2 shows the electron and lattice temperature evolution of the metal specimen at the center of laser irradiation. Fig. 2 (a) and 2(b) show the electron temperature evolution and lattice temperature evolution, respectively, in which the laser pulse width tp is 300 fs. The electron temperature rises very rapidly during heating by laser, while the cooling process is relatively slowly, shown in Fig. 2(a) , and reaches the maximum value, 8570K at 880 fs after the laser irradiation beginning. Comparison with the electron temperature, the lattice temperature rises relatively slowly, and the temperature is only 352K when the electron temperature reaches its maximum value at 880 fs, shown in Fig. 2(b) . The lattice temperature rises continuously after the laser pulse, and reaches its maximum value 946K at 14.16ps. At 17.03 ps, two systems, electron gas and lattice site, reach equilibrium, and the common temperature is 941K.
Electron temperature evolution and lattice site temperature evolution
The numerical results above indicate the heating process of electrons and lattice system. The electrons store all deposited energy due to the fact that heat capacity of electron is much lower than that of lattice and attain extremely high temperature during the ulrashort-pulsed laser-metal interaction. The energy is transferred from electron to lattice by electron-lattice coupling. Contrast to the electron temperature, the lattice temperature rises much slower. The electron temperature and lattice temperature reach equilibrium at 17.03ps, then the energy is transferred to interior of metal through thermal conductivity, while electron temperature at the center of laser irradiation decreases gradually [11] . Fig. 3 shows lattice temperature distributions in the horizontal and depth directions at different times respectively. It is shown that the depth of the heated zone is less than 3 m [12] , about 2.5 m, and the width is about 45 m. The numerical results indicate that the electron temperature decreases due to the electron-lattice coupling, and the electron energy absorbed from laser pulse is transferred to lattice simultaneously, which induces lattice temperature rising near the laser irradiation region. Owing to thermal conduction, the temperature rising region enlarge continuously, while the lattice temperature at the center of laser irradiation decreases. The numerical result also shows that the depth of the heated zone in the axial direction is very small due to the skin effect in metal.
Lattice temperature field induced by ulrashort-pulsed laser
The influence of laser pulse width on the electron temperature and lattice temperature
Laser pulse width is an important parameter in the investigation of laser heating process in metal material, and the twotemperature equations have been simplified rationally for different laser pulse widths at the previous papers [6, 8, 9] .
Under the same irradiation laser energy, Fig. 4 shows the electron and lattice temperature evolutions vs time at the center of laser irradiation with different laser pulse widths, in which the laser pulse widths are 100 fs and 600 fs, respectively. Fig. 4(a) shows the electron temperature evolutions at the center of laser irradiation. The electron temperature reached its peak of 10055 K at t = 0.31 ps for 100-fs laser pulse, which is higher and earlier than the peak value of 9056 K at t=1.68 ps obtained for 600-fs laser pulse. Fig. 4(b) shows the lattice temperature evolutions at the center of laser irradiation. The lattice temperature reached its peak of 948.5 K at t = 13.7 ps for 100fs pulse width, while the lattice temperature reached its peak of 942.6 K at t = 14.8 ps for 600 fs pulse width. 
Tl
The numerical results indicate the peak electron and lattice temperature decrease with the increases of laser pulse widths. This is because that, under the same irradiating laser energy, smaller pulse width results in more energy absorbed by electron at the same time during the laser irradiation heating, so the electron temperature rises faster, and the lattice temperature rises more rapidly too due to the electron-lattice coupling.
The influence of laser pulse width on the electron and lattice temperature gradient
The laser-generated ultrasound comes from the laser-induce temperature gradient, so the temperature gradient fields have also been calculated in this paper. Fig. 5(a) and 5(b) show the vertical lattice temperature gradient (Tlz) and the horizontal lattice temperature gradient (Tlr), respectively, in which the pulse width is 100 fs at 1 ps. It can be seen form Fig. 5 that the maximum vertical temperature gradient occurs at the Z axial, about 0.08 m below the surface, and the maximum horizontal temperature gradient is at about 15 m from the center of laser irradiation at specimen surface, where the spatial distribution of laser intensity varies sharpest. The vertical lattice temperature gradient is about two orders of magnitude larger than the horizontal lattice temperature gradient. This is because the optical penetration depth (including ballistic range) in metal is very small (about in the order of 100 nm), but the radius of the laser pulse spot irradiated on this system is 20 m and very much larger than the optical penetration depth. According to thermoelastic theory, the temperature gradient field is equivalent to a body force source. These features above would affect the stress field excited by femtosecond laser pulse, so the stress in the vertical direction would be much lager than that in the horizontal direction. show the vertical lattice temperature gradient (Tlz) and the horizontal lattice temperature gradient (Tlr), respectively at1 ps, in which the pulse width is 600 fs. Although the features of the vertical lattice temperature gradient and the horizontal lattice temperature gradient are similar with Fig. 5 , the lattice temperature gradient induced by 100-fs laser pulse is larger than that induced by 600-fs laser pulse. This is due to the fact that the energy obtained by the lattice in the former is much larger at 1 ps.
The influence of laser pulse energy on the electron and lattice temperature
In order to investigate the effect of laser pulse energy on the electron and lattice temperature, we compare the electron and lattice temperature fields induced by pulse energy of 400nJ with that of 800 nJ, in which the pulse width is 300 fs. Fig. 7 (a) and 7(b) show the electron and lattice temperature in the center of the laser irradiation, respectively. It is shown in fig. 7(a) that the peak electron temperature is 6476 K occurring at t = 856 fs (400 nJ), while the peak electron temperature is 9570 K occurring at t = 880 fs (800 nJ). Fig. 7(b) shows that the lattice temperatures reached their peak of 611.3 K at t = 11.6 ps (400nJ), as opposed to 946.2 K occurring at t = 14.2 ps with the pulse energy 800 nJ. Numerical indicate that the electron and lattice temperature increase with in the increase of laser pulse energy, it is distinct that stronger laser energy results in higher electron and lattice temperatures.
Conclusions
Taking account of the spatial and temporal shape of the laser pulse and the temperature dependence of material properties, the process of femtosecond laser-metal interaction is investigated in this article. The two-dimensional temperature field and temperature gradient in metal materials are obtained. The influence of pulse width and pulse energy on the electron temperature field and lattice temperature field is investigated. The numerical results indicate that the laser pulse width and pulse energy effect the electron temperature distribution and lattice temperature distribution strongly. The vertical lattice temperature gradient is about two orders of magnitude larger than the horizontal lattice temperature gradient in metal irradiated by ultrashort-pulsed laser. Under the same irradiation pulse energy, the peak electron and lattice temperature at the center of laser irradiation decreases with the increase of laser pulse width.
The method in this research quantitatively establishes the relationship between the temperature field of electron and lattice and the laser input, as well as the specimen parameters. It provides theoretical basics to the farther research in the stress field induced by laser pulse and laser micromachining. 
